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Abstract. We report the observation of a nonlinear terahertz response of split-
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shifts as the intensity is increased. Pump–probe measurements confirm this
behaviour and reveal dynamics on the few-picosecond timescale.
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1. Introduction
Metamaterials consisting of arrays of conducting elements are a powerful tool for controlling
electromagnetic energy in frequency ranges such as the terahertz (THz) spectrum where
natural materials have limited functionalities [1, 2], and to create materials exhibiting exotic
electromagnetic phenomena not observed in natural materials (e.g. negative refraction) [3–9].
Typically, metals are used as the conductive elements in metamaterial structures. However,
because the intrinsic conductivity of a metal is difficult to influence, schemes for actively
controlling the electromagnetic response of metamaterials generally focus on changing the
environment around the metal. For example, one approach is to embed semiconducting elements
in the metamaterial structure, exploiting the fact that an applied voltage or optical field
can control the conductivity and dielectric constant of the semiconductor [10, 11]. This can
dramatically alter the resonance strength and/or frequency of the metallic structures yielding an
‘active’ metamaterial.
While metals have been used for the conductive elements in the vast majority of meta-
material structures, the use of superconductors is of rapidly growing interest. In contrast to
metals, the complex conductivity of superconductors intrinsically depends on the magnetic
field, temperature, and applied optical fields [12–17]. Active metamaterial structures [14, 15,
17, 18] can therefore be realized by directly controlling the conductivity of the superconducting
elements without introducing additional elements. In addition, superconductors exhibit superior
conductivity at low temperatures and the potential to integrate elements exhibiting quantum
behaviour.
While the nonlinear response of superconductors to high static magnetic fields, quasi-dc
currents, and RF fields has been intensely studied [12, 18–28], only a few experiments have been
reported in the THz frequency range [24, 29–31]. Measurements with ultrafast THz pulses have
two important advantages over lower frequency measurements: the short pulses enable high
field strengths to be reached without a high average power dissipation and the short timescale
does not allow for the formation of vortices, which eliminates the two effects that have made
observation of the intrinsic depairing current difficult at lower frequencies [19–22, 26, 28, 32].
Orenstein et al [24] measured the nonlinear transmission of BSSCO at modest field strengths
using THz pulses generated by photoexcitation of voltage-biased GaAs, finding a characteristic
current scale for the nonlinearity on the order of the intrinsic depairing current for BSSCO
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Figure 1. (a) Micrograph of one representative SRR where the light area is
YBCO and the dark background is the LAO substrate. The scale bar is 20µm.
(b) Schematic diagram of the metamaterial. The dimensions are g = 4µm,
w = 4µm, l = 36µm, and p = 46µm.
calculated from well-known parameters. Based on the observed scale of the limiting current,
and the temperature and current dependence of the transmission they concluded that they were
indeed measuring the intrinsic effects arising from the large superfluid velocities. However, the
THz field intensity achievable with this method limited the maximum induced currents to an
order of magnitude below the depairing current.
Recently developed high intensity THz sources based on tilted-pulse-front optical
rectification are opening up new windows into the nonlinear response of materials in the THz
frequency range [31, 33, 34]. These new high intensity sources, which can easily drive THz
frequency/ps timescale currents exceeding the intrinsic depairing current in superconducting
films, have enabled a resurgence of interest in the THz field induced nonlinear electrodynamics
of superconductors. Using this approach, Zhang et al measured a field-induced nonlinear
response of metamaterials and unpatterned films made out of the low-Tc conventional s-wave
superconductor NbN [30, 31]. Similarly, Glossner et al measured the nonlinear transmission
through films composed of the high-Tc d-wave superconductor YBa2C3O7−δ (YBCO) [29].
Studying both types of superconductors is critical for developing a fundamental understanding
of the THz field induced nonlinear effects because the presence of nodes in the superconducting
gap can dramatically alter the behaviour [25, 27, 35–38] while observation of similar effects in
both types of superconductors points towards a physical mechanism that does not require the
presence of nodes. Further, the relaxation times are expected to be significantly different in these
materials [26], which may have a significant effect for measurements on the ps timescale [39].
Here we exploit these recent advances in generating high intensity THz fields to study the
intrinsic nonlinear response of metamaterials made out of YBCO. In contrast to previous
measurements [24, 29], we exploit the enhanced sensitivity provided by resonant metamaterials
to investigate the nonlinear response of YBCO and measure the dynamics associated with this
response.
2. Metamaterial design and fabrication
Our sample consists of an array of electric split-ring resonators (SRR), shown in figure 1, made
from a 100 nm thick epitaxial YBCO superconductor film deposited by pulsed-laser deposition
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4onto a 0.5 mm thick LaAlO3 (LAO) substrate. To deposit YBCO films, we used an ArF excimer
laser operating at an energy density on the target surface of 2 J cm−2. The substrate temperature
during the deposition was initially optimized and maintained at 775 ◦C. The YBCO film on LAO
deposited under optimal conditions was of high quality epitaxy with a transition temperature
of Tc ≈ 90 K. The YBCO film is oriented with the crystallographic ab plane parallel to the
surface. The SRRs used here, identical to those used in our previous studies of temperature and
optical tuning of superconducting metamaterials [13, 17], are designed to have a polarization-
independent electric response due to the symmetry of the unit cell [40, 41]. The choice of
SRR design is not essential to the results presented here and we expect similar results for other
resonant structures where the resonator is formed from the superconductor (although the case of
complimentary structures [40], where the SRR is a hole in a continuous superconducting film,
is less clear).
3. High intensity terahertz source
The metamaterial transmission was studied using a high-intensity THz time-domain
spectroscopy apparatus configured for either high intensity transmission measurements or THz-
pump/THz-probe measurements of the transmission dynamics as described in [33]. Briefly,
THz radiation was produced by nonlinear rectification of ultrafast near-infrared (NIR) laser
pulses from an amplified Ti:sapphire laser (centre wavelength= 800 nm, pulsewidth= 100 fs,
energy= 6 mJ pulse−1, repetition rate= 1 kHz) in 0.6% MgO doped stoichiometric LiNbO3
(MgO:sLN). The NIR pulse front was tilted relative to the propagation direction to achieve a
velocity matching between the optical and THz pulses in the LiNbO3 and therefore a high optical
rectification conversion efficiency. THz pulse energies achieved in this system are∼2µJ which,
when focused tightly, yielded field strengths of ∼200 kV cm−1 at the focus. The metamaterial
sample and a reference LAO substrate were simultaneously mounted on the cold finger of a
continuous flow liquid helium cryostat. Due to geometric constraints on the positioning of the
cryostat within the apparatus, the sample was not quite at the focus reducing the peak THz
field strength at the sample to approximately 45 kV cm−1. For the pump–probe experiments,
the optical pulse was split in two, and recombined nearly collinearly in the LiNbO3 with a
variable delay between the pulses. Electro-optical (EO) sampling in a ZnTe crystal was used
to detect the pulses with a Si wafer attenuator used between the sample and the EO sampling
crystal to prevent over-rotation at high THz field strengths. Spectra were obtained by applying a
fast Fourier transform to the time-domain THz waveforms with a Hanning window to suppress
spurious oscillations in the spectra due to the finite time window.
4. Intensity-dependent transmission measurements
First, we examine the intensity dependent transmission, shown in figure 2, at several
temperatures ranging from 23 K, which is well below the superconducting transition
temperature, to 90 K where the YBCO becomes a normal conductor. Two resonances are visible
in the transmission spectra: the fundamental LC resonance due to the loop inductance and gap
capacitance at ∼0.5 THz and the collective dipolar resonance at ∼1.2 THz [1, 7, 13, 40, 41]. It
is immediately apparent that the resonances become weaker with both increasing temperature
and, for a given temperature, increasing THz field strength.
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Figure 2. THz field strength dependent transmission through the metamaterial
relative to an LAO reference substrate at several temperatures from 23 to 90 K.
The thin vertical lines indicate the resonance frequency at 11 kV cm−1.
A more quantitative picture can be obtained by extracting the transmission minimum and
resonance frequency of the fundamental LC resonance around 0.5 THz, shown in figure 3. Note
that for the 90 K spectra shown in figure 2(f), the resonance is not sufficiently well defined to
reliably extract the resonance frequency so the 90 K data in figures 3(b) and (d) are evaluated
at 0.51 THz for all field intensity. At low temperatures the fundamental LC resonance red-
shifts with increasing pulse energy, while closer to Tc the resonance blue-shifts, similar to the
behaviour discussed in our previous work on temperature tuning of a similar sample [17]. For
all temperatures the transmission at the resonance increases with increasing incident intensity,
indicating that the resonance is becoming weaker. The magnitude of this change is quite
remarkable: at 23 K we observe a >10 dB change in transmission at the resonance and >5 dB
as we approach liquid nitrogen temperatures. Due to the simultaneous frequency shift of the
resonance, the change in transmission at a single frequency will be slightly higher than that
shown in figure 3(b).
In figure 3(c) the per cent change of the resonance frequency caused by the intense
THz field, defined as ( fLC(11 kV cm−1)– fLC(45 kV cm−1))/ fLC(11 kV cm−1)× 100%, where
fLC(E) is the LC resonance frequency at an incident field strength E is shown. Likewise,
in figure 3(d) the per cent change in transmission at the LC resonance is shown. From a
practical point of view, figure 3(d) indicates that for a device application operating at the lowest
temperature is desirable. In contrast to the recent report by Glossner et al [29], who were unable
to resolve any nonlinearity at or above Tc in the measured the transmission of high intensity
THz pulses through unpatterened YBCO films, and Orenstein et al [24] who likewise observed
‘nearly linear electrodynamics’, near and above Tc, we observe a nonlinear response extending
through the transition temperature. This highlights the high sensitivity provided by the resonant
structures investigated here.
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Figure 3. Incident field dependence of the (a) LC resonant frequency and (b)
transmission minimum at the fundamental LC resonance. Per cent change of
the (c) frequency of the LC resonance shown in (a), and (d) transmission at
the LC resonance shown in (b) when the incident field is increased from 11 to
45 kV cm−1.
5. Dynamics
To investigate the dynamics, we performed THz-pump/THz-probe measurements. For these
measurements, the pump intensity was close to the maximum intensity used in the intensity-
dependent transmission measurements presented in figures 2 and 3. The full transmission
spectrum as a function of time is needed to unambiguously resolve the dynamics of the
metamaterial resonance since it both shifts in frequency and changes amplitude. To obtain this,
we vary the time delay τ between the pump and probe pulses and for each τ measure the
transmitted electric field as a function of time. Applying a Fourier transform then yields the
transmission spectrum at each pump–probe delay, which is shown in figure 4. The data from τ
∼−1.5 to 1.5 ps should be ignored due to the influence of the overlapping optical pulses in the
LiNbO3 crystal on the generation of the pump and probe pulses. The finite substrate thickness
limits the maximum pump–probe delay to ∼11 ps, at which point the reflection of the pump
pulse from the exit face of the substrate returns to the surface with the superconducting SRRs,
introducing an additional perturbation.
The transmission spectrum as a function of time delay between the pump and
probe pulses is shown as a density plot in figure 4(a) where each horizontal slice
represents a transmission spectrum at a given time delay. To facilitate comparison with the
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Figure 4. (a) Pump–probe transmission spectra for the sample at 23 K shown as
a density plot where each horizontal slice is a spectrum at a given pump–probe
delay. The white dashed line indicates the resonance frequency. (b) Transmission
spectra at several representative pump–probe delays. (c) Transmission at the
metamaterial resonance as a function of pump–probe delay with a bi-exponential
fit. The two components of the exponential decay and offset are indicated
separately with dashed lines. Positive delay corresponds to the probe pulse
arriving at the sample after the pump pulse as illustrated in the legend of (b).
intensity-dependent transmission, the transmission spectra at selected time delays are shown
figure 4(b). We find that the LC resonance shifts to higher energy and the transmission at the
resonance decreases with increasing pump–probe delay. This is similar to the power-dependent
spectra shown in figure 2(a), where the resonance shifts to higher frequency and becomes
stronger with decreasing intensity.
Examining the transmission as a function of pump–probe delay, shown in figure 4(c),
reveals that there is a strong increase in the transmission when the pump and probe pulses
overlap followed by a rapid decrease with increasing pump–probe delay as the resonance
recovers. The decay follows a bi-exponential behaviour, shown by the fit in figure 4(c), with
time constants τ1 = 2.1 and τ2 = 23 ps. A linear offset is necessary in the fit because the low
field transmission at the resonance is not zero.
6. Discussion
Previous work investigating the tuning of YBCO metamaterials by changing the
temperature [17] or applying NIR light pulses [13], and the tuning of NbN metamaterials by
applying intense THz fields [31] have shown that the changes in the metamaterial resonance
are reasonably well described by the change in the complex conductivity of the constituent
superconductor film. However, this still leaves open the question of what is the fundamental
mechanism responsible for changing the conductivity of the superconductor in response to an
intense THz field.
Both temperature and optical tuning arise from the change in the density of
superconducting and normal carriers. It is well known that increasing the temperature of a
superconductor decreases the density of superconducting Cooper pairs relative to the normal
conduction electron population (until the Cooper pair density goes to 0 at Tc), which directly
influences the conductivity of the superconductor [12]. Optical tuning of the superconductor
New Journal of Physics 15 (2013) 105016 (http://www.njp.org/)
8conductivity is also not surprising as the energy of a NIR photon is orders of magnitude greater
than the condensation energy of the Cooper pairs and absorption of a photon can therefore easily
break the Cooper pair into two hot quasiparticles. In contrast, the energy of a THz photon in
the frequency range used in the present experiment is well below that required to directly break
a Cooper pair upon absorption, nor do the applied THz pulses significantly raise the sample
temperature.
We can gain some insight into the mechanism behind the observed nonlinearities by
considering the two-fluid model where the conductivity of a superconductor is considered
to be the combination of a Drude response due to the population of normal carriers and an
accelerative supercurrent term due to the population of superconducting electrons (Cooper pairs)
[12, 19, 22]. In the Drude model, electrons are accelerated by an applied uniform electric field
for a characteristic time τ , after which the momentum is randomized by a scattering event.
The motion of normal electrons can therefore be described by the classical equation of motion
d(mvn)/dt = eE–mvn/τ , where τ is a phenomenological relaxation time, m is the electron
mass, e is the electron charge and vn is the electron velocity. The resulting normal current
density is then Jn = nnevn, where nn is the density of normal electrons. In the London limit,
the supercurrent is directly proportional to the centre of mass velocity of the superconducting
electron condensate. In a uniform electric field the superconducting electrons will likewise
be accelerated; however, the hallmark of superconductivity is that these electrons travel
unimpeded through the superconducting medium as Cooper pairs. That is, the superconducting
electrons gain momentum as d(mvs)/dt = eE, where vs is the centre of mass velocity of the
superconducting electron condensate. The resulting supercurrent is then Js = nsevs, where ns
is the density of superconducting electrons. This is essentially the first London equation [12].
We can straightforwardly evaluative these equations in the context of the present experiment
by assuming the temporal variation and peak intensity of the electric field E(t) matches the
measured THz waveform, but neglecting the spatial variation of the field and assuming an
infinite superconducting medium. The results of this calculation are shown in figure 5 where
the properties of YBCO at 60 K are taken to be nn = 4.6× 1026 m−3, ns = 6.7× 1026 m−3 and
τ = 0.41 THz [16]. Note that evaluating the model at a lower temperature increases the peak
supercurrent. While a very crude approximation, this model nonetheless provides some insight
into the possible mechanisms behind the observed nonlinear response.
Similar to how the upper thermodynamic critical field Hc2 is derived from considering
when the energy required to expel the flux exceeds the condensation energy, there is a
critical intrinsic depairing current jd above which the kinetic energy density exceeds the
condensation energy [12, 19–28, 32, 35–3942]. An excellent review of this derivation is
given in [19]. This has been extensively studied in static fields as the nonlinear Meissner
effect (NLME) and at microwave frequencies where it results in intermodulation effects.
Much of the theoretical work considering the ac nonlinearity assume a small perturbing ac
field probing a nonlinearity due to a high dc bias [12, 19, 21–26, 28, 32, 37, 39], which
may not describe the present experiment where only a strong ac field is applied [24, 39].
There are two directions from which a more detailed picture of the mechanism responsible
the depairing current (or NLME) is generally arrived at. Macroscopically, in the absence
of spatial variations of the order parameter, there are two contributions to the free
energy in the Ginzburg–Landau equations that act to counter the condensation energy: the
magnetization and the kinetic energy of the supercurrents. This last term directly results
in a kinetic energy dependence of the order parameter and therefore a velocity or current
New Journal of Physics 15 (2013) 105016 (http://www.njp.org/)
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Figure 5. Current density induced by a high intensity THz field in the London
limit.
dependent Cooper pair density [12, 23]. Microscopically, the thermally excited quasiparticle
backflow current (or paramagnetic current) is Doppler-shifted relative to the supercurrent,
reducing the effective superconducting gap as the supercurrent velocity increases. This
reduction in the effective gap results in a decrease in the superfluid density with increasing
velocity (i.e. the Cooper pair density decreases with increasing current) for both s- and
d-wave superconductors. In an s-wave superconductor with an isotropic gap, this effect vanishes
at T = 0 K due to the lack of thermally excited quasiparticles. In a d-wave superconductor,
the vanishing superconducting gap at the nodes both dramatically increases the magnitude
of this effect, allows it to persist down to T = 0 K, and introduces a dependence on the in-
plane field orientation [12, 19, 23–25]. However, it is important to keep in mind that because
these theories may be inadequate to describe THz nonlinearities because they are derived in the
quasistatic limit and therefore neglect mechanisms that only occur at high frequencies [24, 39].
For example, for fast pulses comparable to the order parameter relaxation time, order parameter
relaxation has been predicted to give rise to an additional dissipative term, kinetic resistance,
separate from that due to the normal carriers [39].
Measurements of the propagation of short current pulses through superconducting
microbridges have shown that the critical depairing current for YBCO is ∼1012 A m−2
[20, 21], which is far lower than the peak currents on the order of 1013 A m−2 that the
straightforward application of the two fluid model shown in figure 5 predicts for an applied
field of 45 kV cm−1. While this simple model cannot provide a detailed comparison with the
experimental measurements, it nonetheless provides insight into the mechanism behind the
New Journal of Physics 15 (2013) 105016 (http://www.njp.org/)
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observed nonlinearities by providing a clear indication that the THz fields considered here are
well into the regime where significant nonlinearities due to kinetic energy induced pair breaking
would be expected. We are presently working towards developing a more detailed model of the
nonlinear response that can be applied to modelling superconducting THz metamaterials.
7. Conclusion
In conclusion, we have observed strong nonlinearities in the THz response of metamaterials
fabricated from thin, high-Tc superconducting films. These observations are not only of practical
interest for developing active and nonlinear metamaterial devices, but also of fundamental
interest due to their potential to improve our understanding of the physics of high-Tc
superconductivity.
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